Active Hexose Correlated Compound (AHCC) is a fermented mushroom extract and immune supplement that has been used to treat a wide range of health conditions. It helps in augmentation of the natural immune response and affects immune cell activation and outcomes. The goal of this project was to study and understand the role and mechanisms of AHCC supplementation in the prevention of immunosuppression through T cell activation. The method described here involves "in vitro" culturing of lymphocytes, exposing them to different concentrations of AHCC (0 g/mL, 50 g/mL, 100 g/mL, 250 g/mL, and 500 g/mL) at 0 hours. Interestingly, clumping and aggregation of the cells were seen between 24 and 72 hours of incubation. The cells lay down extracellular matrix, which become adherent, and phenotypical changes from small rounded lymphocytes to large macrophage-like, spindle shaped, elongated, fibroblast-like cells even beyond 360 hours were observed. These are probably translated from genotypic changes in the cells since the cells propagate for at least 3 to 6 generations (present observations). RNA isolated was subjected to gene array analysis. We hypothesize that cell adhesion is an activation and survival pathway in lymphocytes and this could be the mechanism of AHCC activation in human lymphocytes.
Introduction
The immune system is a dynamic network of cells tissues and organs which protects the body from infection. The immune system has beneficial and nonbeneficial aspects and fights against invading foreign materials. This can be linked to genetic makeup and thus paves a way for novel prevention and treatment measures to be generated against infectious and immune mediated diseases [1] . Being an intricate system, it comprises two major divisions that encompass various cell types which have unique roles: the innate immune system which involves a nonspecific defense mechanism and adaptive immune system which involves antigen specific immune response. A proper understanding of the different cell types that make up these systems and their mode of communication and action would give researchers an indepth knowledge of the immune system as a whole [2] . Further in-depth knowledge on how they behave under physiological stress will also help in the study of immune augmenting agents.
We used lymphocytes as our model choice since they are responsible for the astounding specificity of the adaptive immune response. They are well populated in the human body about 2 × 10 12 lymphocytes especially in the blood, lymph, and also the lymphoid organs such as thymus, lymph nodes, spleen, and appendix [3, 4] . Despite their abundance, The crucial experiments were performed in mice and rats that were heavily irradiated to kill most of their white blood cells, including lymphocytes. This treatment makes the animals unable to mount adaptive immune responses. Then, by transferring various types of cells into the animals, it was possible to determine which cells reversed the deficiency. Only lymphocytes restored the adaptive immune responses of irradiated animals, indicating that lymphocytes are required for these responses [3] .
It is seen that both immune systems, innate and adaptive, work hand in hand to eliminate harmful foreign pathogens, such that an activation of the innate immune system usually at the site of infection could trigger a lymphocytic response. Unlike innate immune responses, adaptive responses are activated in peripheral lymphoid organs and provide specific and long-lasting protection against the particular pathogen that induced them.
Different strategies have been looked into to try and develop a favorable approach that aids in boosting of our immune cells and so for this reason a number of substances are being synthesized, produced, extracted, and thus used for augmentation of the immune system [5] . Most of these substances are desirable since they have proven to be nontoxic to humans. AHCC is a dietary nutritional supplement/extract prepared from mycelia of the basidiomycetemushroom Lentinula edodes [5, 6] . It is a complex compound that contains a mixture of polysaccharides, amino acids, lipids, and minerals [7] . It is readily bioavailable and has been seen to have no adverse toxic health effect [8] . The main component of AHCC is acetylated -glucan, which is relatively much easier to absorb than -glucan (the main component of mushroom products) [8] . -1,4-Glucan has a much lower molecular weight (5,000 Daltons) than -glucan (10,000-500,000 Daltons) [7, 8] . From various experiments, which have been performed, AHCC is seen to have anticancer action, immunostimulative action, and reduction of side effects due to chemotherapy as well as defence against infection [8]. Partially acetylated alpha-glucans are known active components of AHCC as per Amino Up (see Scheme 1). media has to be used. Each bottle contains 500 mL of RPMI media. This was supplemented with 10% Fetal Bovine Serum (FBS) and 5% Penicillin-Streptomycin (Pen-Strep). Complete media was prepared by taking out 50 mL of RPMI from the 500 mL bottle and adding 50 mL of FBS and 5 mL of PenStrep.
Materials and Methods

Lymphocyte Isolation.
The buffy coat unit (60 mL) was diluted in 100 mL of Hanks Balanced Salt Solution (HBBS) in a T-flask for a total volume of 160 mL diluted buffy coat and thoroughly mixed. 10 mL of ficoll was added to 4 polypropylene 50 mL centrifuge tubes each and was layered with 40 mL of buffy coat at a slow steady pace preventing penetration of the ficoll layer. The tubes were then centrifuged at 2100 rpm (700 to 800 g) for 20 minutes at room temperature. (Two 50 mL tubes with 10 mL of HBBS were prepared.) Using 1 mL pipette, lymphocytes layer, formed above the ficoll, was aspirated and placed into prepared tubes. HBBS was added to top it off and centrifuged at 2100 (700-800 g) for 12 minutes at room temperature. One tube was prepared containing 10 mL of HBBS to which pelleted lymphocytes from the 2 tubes were added and centrifuged at 2100 rpm (700-800 g) for 12 minutes at room temperature. The supernatant was discarded and the resulting pellet was resuspended in 20 mL of complete RPMI. Cell counts were performed after which the AHCC experiment was set up.
Cell Counts.
We combined 50 L of the lymphocyte cell suspension with 500 L trypan blue and 950 L of 0.3% acetic acid in an eppendorf tube and mixed well to obtain an appropriate dilution. Then, we covered a clean haemocytometer with a cover slip and using a pipettor we added, from an angle, a small amount of the stained, diluted cell suspension onto the covered haemocytometer without moving the cover slip. We allowed the cells to settle before counting.
Once we obtained the cell counts, the cell concentration was calculated using the following formula:
Cell concentration = Total number of cells 4 × dilution factor (30) × 10 4 .
(1) 6 cells/mL in 10 mL tissue culture flasks in triplicate. Each flask corresponds to the different experimental concentrations and the corresponding volumes of AHCC were added to achieve the desired concentrations: 0 g/mL (control), 50 g/mL, 100 g/mL, 250 g/mL, and 500 g/mL. The flasks containing the cell cultures were incubated at optimal conditions 37 ∘ C and 5% CO 2 . Daily observations were recorded and microscopic images taken over several days.
MTT Assay.
The cells were isolated, counted, and plated to 96-well plates on the same day as blood collection. 97 L of RPMI1640 culture medium was added to 21 wells of a 96-well plate. A final volume of 100 L/well was achieved by adding 3 L of cell suspension (containing 1 × 10 5 cells) into each well. To the wells designated for the different AHCC, 0 g/mL (control), 50 g/mL, 100 g/mL, 250 g/mL, and 500 g/mL concentrations corresponding volumes of AHCC were added to achieve the desired concentrations. The cells were incubated at 37 ∘ C for 48 hours and then dye solution was added to each well (15 L/well) and incubated for 4 hours in a humidified, 5% CO 2 atmosphere. After 4 hours of incubation, the solubilization solution/stop mix was added (100 L/well) to stop the cellular conversion of the MTT dye and was again incubated for 1 hour. Finally, cell proliferation was measured using Tecan 96-well plate reader and absorbance at 570 nm wavelength was recorded (CellTiter 96 Non-Radioactive Cell Proliferation Assay, Promega Corporation, Madison, WI, USA).
2.7. RNA Isolation. RNA was isolated according to the protocol obtained from the RNeasy mini kit purchased from Qiagen.
RNA Analysis by Illumina.
Three hundred nanograms of total RNA was amplified and purified using Illumina TotalPrep RNA Amplification Kit (Ambion, Cat.# IL1791) following kit instructions. Briefly, first strand cDNA was synthesized by incubating RNA with T7 oligo (dT) primer and reverse transcriptase mix at 42 ∘ C for 2 hours. RNase H and DNA polymerase master mix were immediately added to the reaction mix following reverse transcription and were incubated for 2 hours at 16 ∘ C to synthesize second strand cDNA. RNA, primers, enzymes, and salts that would inhibit in vitro transcription were removed through cDNA filter cartridges (part of the amplification kit). In vitro transcription was performed and biotinylated cRNA was synthesized by 14-hour amplification with dNTP mix containing biotin-dUTP and T7 RNA polymerase. Amplified cRNA was subsequently purified and concentration was measured by NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, DE). An aliquot of 750 nanograms of amplified products was loaded onto Illumina Sentrix Beadchip Array HumanHT12 V4 arrays, hybridized at 58 ∘ C in an Illumina Hybridization Oven (Illumina, Cat.# 198361) for 17 hours, washed, and incubated with streptavidin-Cy3 to detect biotin-labeled cRNA on the arrays. Arrays were dried and scanned with BeadArray Reader (Illumina, CA). Data were analyzed using GenomeStudio software (Illumina, CA). Clustering and pathway analysis were performed with GenomeStudio and Ingenuity Pathway Analysis (Ingenuity Systems, Inc.) software, respectively.
Statistical Analysis.
Standard error was calculated based on the mean and the standard deviation and the standard error bars were included in the data. A " " value less than 0.05 was considered statistically significant.
Results and Discussion
Phenotypic Observations of the Cells.
Control-0 g/mL treated lymphocytes, as shown in Figure 1 , live only until 96 hours and die thereafter. Interestingly in AHCC treated cells, after a time lag, clumping and aggregation of the cells were seen between 24 and about 72 hours of incubation. The cells then become adherent and phenotypical changes were observed even at low doses such as 50 g/mL (Figure 2(a) ), that is, macrophage-like, spindle shaped, elongated, and fibroblast-like up until 360 hours and beyond. Similar changes were observed in the other doses: 100 g/mL to 500 g/mL (Figures 2(b) , 2(c), and 2(d)). Cell proliferation also increased (cell count assays). The cells were not subjected to stress as the media was changed at various intervals, so stress due to nutrient depletion was eliminated. These are probably translated from genotypic changes in the cells since the cells propagate for at least three to six generations (present observations). Cell count data is shown for up to 72 hours since after that cells become adherent and cannot be counted. Cell viability was high throughout, indicating that AHCC is able to boost cell health ( Figure 3) . Cell proliferation was further demonstrated via the cell metabolism and proliferation MTT assay (Figure 4 ). This further elaborated that there was a dose response dependent increase of resting lymphocyte proliferation in response to AHCC treatment. The AHCC treated adherent phenotypic cells can be trypsinized for two generations after which they visibly lay down a lot of extracellular matrixes (ECM). These genotypic changes possibly involve signal transduction of cell adhesion molecules and adhesive cytokines and growth factors. Cell adhesion is an activation and survival pathway in lymphocytes and we hypothesize that this could be the mechanism of AHCC activation in human lymphocytes.
From the gene array analysis it was seen that certain genes responsible for T cell proliferation and differentiation as well as cell adhesion were significantly upregulated ( Figure 5 ). Of great importance is the LAT gene (linker for activation of T cells) which is required for TCR (T cell antigen receptor) and pre-TCR-mediated signaling in both developing and mature T cells. The possible mode of LAT action in lymphocyte activation in response to AHCC in our experiments is illustrated in Figure 6 . In our experiments, AHCC possibly induces upregulation of LAT and promotes cell adhesion to activate resting lymphocytes. Results are described as representative of five experiments with the following concentrations: 0 g/mL, 50 g/mL, 100 g/mL, 250 g/mL, and 500 g/mL.
The control flask, after a period of about 96 hours, dies off as the cells are not treated with AHCC and so there is no further stimulation of growth/proliferation. From 50 g/mL to 500 g/mL, a pictorial representation is given showing 96 hours and 360 hours of incubation (Figures 2(a)-2(d) ). The differences in the phenotypic appearance of the cells are distinct; these cells being activated by AHCC adhere, differentiate, and also vary in sizes ranging from about 11 m to about 26 m in diameter. It was also observed that these cells once in contact with each other do not exhibit a contact inhibition, but they begin to merge resulting in a single cell and also continue to grow within the plate. After reaching a confluent stage, the cells were trypsinized and passaged and, after a time lag, the exact same phenomenon was observed. It should be noted that AHCC was only added once, at the start of the experiment, and supplemented with complete media when needed even after cell adhesion had occurred, to avoid nutrient deprivation. The exact mechanism of how AHCC acts on and activates these cells causing them to proliferate, adhere, and differentiate is unknown.
Cell Counts.
After isolation of these lymphocytes, they were resuspended at a concentration of 1 × 10 6 cells/mL for a total of 10 mL. This was done for all concentrations. A cell count gives an idea of cell proliferation, that is, live versus dead cells. In order to assess if AHCC induced cell proliferation after treatment, cells were counted and we found that after 24 hours an increase was observed in the treated flasks as opposed to the control flask. From 48 to 72 hours there was an observable decrease in the cell count ( Figure 3) ; the reason for this is that, at this period of time, the cells began to aggregate and so a true cell count could not be achieved. For this reason, cell counts were only carried out for 3 days from experimental setup.
MTT Assay. The CellTiter 96 Non-Radioactive Cell
Proliferation Assay is a collection of qualified reagents that provide a rapid and convenient method of determining viable cell number in proliferation, cytotoxicity [9, 10] , cell attachment [11, 12] , chemotaxis [13] , and apoptosis [14] assays. The MTT assay is a colorimetric assay for assessing cell metabolic activity. NAD(P)H-dependent cellular oxidoreductase enzymes may, under defined conditions, reflect the number of viable cells present. These enzymes are capable of reducing the tetrazolium dye MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide to its insoluble formazan product, which has a purple color; a solubilization solution is added to dissolve the insoluble purple formazan product into a colored solution that is easily detected using a 96-well plate reader. The absorbance of this colored solution can be quantified by measuring at a certain wavelength (usually between 500 and 600 nm) by a spectrophotometer [15] .
The CellTiter 96 Assay has several advantages over conventional cell number or 3[H]thymidine incorporation assays. There is a minimum amount of labor involved in doing the CellTiter 96 Assay. The assay is done entirely in a 96-well plate with no steps that require washing the cells or the removal of solution from the wells. The assay can be used for both anchorage-dependent or suspension cells with no change in the protocol. The assay plates are read using a 96-well plate reader, making it easy to computerize data collection, calculations, and report generation [16] .
MTT assay gives an idea of cell metabolism and is widely used to measure metabolic activity; thus, it is considered Genes Genes Gene array data Upregulated genes 100 g/mL Upregulated genes 250 g/mL * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 100 g/mL 250 g/mL Control Control Figure 5 : Graphical representation of genes responsible for cell proliferation, adhesion, differentiation, receptor signaling, and signal transduction leading to activation of the immune system thus evoking an immune response. It shows upregulated genes (100 g/mL and 250 g/mL concentrations); their corresponding signal intensity after a gene array analysis was performed. < 0.05 was considered statistically significant. " * * " means < 0.01, " * * * " means < 0.001, and " * * * * " means < 0.0001. a real proliferation assay. Our results show a significant increase from control (0 g/mL) to 500 g/mL.
Gene Array
Data. This phenomenon of adhesion has previously not been seen in previous experiments conducted with lymphocytes treated with other agents. In order to delineate the cause of these genotypic and phenotypic effects, RNA isolated from harvested cells is subjected to a gene array analysis to get a bigger picture. This is then narrowed down to pathways that get turned on as a result of AHCC treatment, as the phenotypic effects are seen after a genotypic change has occurred.
In order to specifically characterize the unique phenotypic and proliferation phenomena seen with AHCC treatment in resting lymphocytes compared to control, we analyzed cells harvested and subjected them to the Illumina platform.
From the gene array data that was obtained ( Figure 5 ), a group of significant genes LAT, FLRT-2, GIT-1, LILRA5, and PTPN7 responsible for cell proliferation, cell adhesion and/or receptor signaling, triggering of innate immune responses, differentiation, and regulation of T-lymphocytes as well as signal transduction were identified. Of primary importance is the LAT gene. The gene array data revealed possible direct activation of the lymphocytes via direct engagement of the T cell receptor complex. The linker for activated T cells (LAT), which is the primary activator after TCR engagement in AHCC treated lymphocytes, increased by 2.7-fold compared to control even at 360 hours posttreatment. This is high for resting cells. As an adaptor protein, the function of LAT in TCR signaling centers upon its tyrosine phosphorylation and subsequent recruitment of other signaling proteins. Upon TCR engagement, phosphorylation of LAT allows it to interact with several SH2 domain-containing proteins, such as Grb2, Gads, and PLC-1. We have already seen inhibition of LAT and PLC-1 in lymphocytes in microgravity (an immune suppressive scenario) related to reduced T cell activation. Hence, AHCC might be able to directly activate LAT and thus might be a possible future countermeasure candidate to restore T cell activation in immunosuppressive scenarios. It is already in human use as an immune augmentation supplement in conjunction with cancer chemotherapy. AHCC thus might be a possible future countermeasure candidate to restore T cell activation in immunosuppressive scenarios on earth and in space.
Phosphorylation of the ITAMs enables the recruitment of ZAP70 ( -chain associated protein kinase of 70 kDa), its phosphorylation by LCK, and its activation. Activated ZAP70 phosphorylates four key tyrosine residues on linker for activation of T cells (LAT), which recruits numerous signaling molecules to form a multiprotein complex, termed the LAT signalosome. Important molecules that constitute this complex include phospholipase C 1 (PLC 1), growth factor receptor-bound protein 2 (GRB2), GRB2-related adaptor protein GADS, SLP76 (SH2 domain-containing leukocyte protein of 76 kDa), adhesion-and degranulation-promoting 
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Gene expression and T cell regulation DAG RAS P P P P P P P P P P P P P P P P P P P P P P P adaptor protein (ADAP), interleukin-2-inducible T cell kinase (ITK), NCK1, and VAV1. The LAT signalosome propagates signal branching to three major signaling pathways, the Ca 2+ , the mitogen-activated protein kinase (MAPK) kinase, and the nuclear factor-B (NF-B) signaling pathways, leading to the mobilization of transcription factors that are critical for gene expression and essential for T cell growth and differentiation. Signals initiated from the TCR also result in actin reorganization and the activation of integrins by inside-out signaling. Note the following abbreviations: AP1, activator protein 1; DAG, diacylglycerol; InsP 3 , inositol-1,4,5-trisphosphate; NFAT, nuclear factor of activated T cells; PKC, protein kinase C; PtdIns(4,5)P 2 , phosphatidylinositol-4,5-bisphosphate; RASGRP1, RAS guanyl-releasing protein 1; SKAP55, SRC kinase-associated phosphoprotein of 55 kDa [17] . Our key culprits implicated thus far from our experiments are LAT, PLC-1, and ZAP 70. AHCC thus might modulate LAT and promote cell adhesion.
FLRT-2 is a gene that encodes a member of the fibronectin leucine-rich transmembrane protein (FLRT) family. GIT-1 (G Protein-Coupled Receptor Kinase Interacting ArfGAP 1) is a protein coding gene. GTPase-activating protein for the ADP ribosylation factor family, which may serve as a scaffold to bring together molecules to form signaling modules controlling vesicle trafficking, adhesion, and cytoskeletal organization, increases the speed of cell migration, as well as the size and rate of formation of protrusions. Among its related pathways are regulations of actin cytoskeleton. It localizes synaptically especially in dendritic cells [18] . If synaptic localization is disturbed, dendritic cells lose their morphology. It is responsible for differentiation and preservation of dendritic cell morphology and it interacts with PLC 1.
LILRA5 leukocyte immunoglobulin-like receptor, subfamily A, member 5: the protein encoded by this gene is a member of the leukocyte immunoglobulin-like receptor (LIR) family. LIR family members are known to have activating and inhibitory functions in leukocytes. Crosslink of this receptor protein on the surface of monocytes has been shown to induce calcium flux and secretion of several proinflammatory cytokines, which suggests the roles of 
Conclusion
From the above concrete observations, it can be hypothesized that AHCC is promoting proliferation and differentiation of leukocytes (multipotent stem cells), as it is seen that the genes responsible for these such as LAT, FLRT2, GIT-1, and so forth, as seen in Figure 5 , are upregulated and highly significant ( < 0.0005). Gene array and adhesion molecule experiments are ongoing. Cell adhesion is an activation and survival pathway in lymphocytes and we hypothesize that this could be the mechanism of AHCC activation in human lymphocytes. This is a unique phenomenon and has previously not been observed before in our laboratory when we used other agents such as mitogens, transferrin, and nucleotides for rescue of lymphocyte activation and locomotion. We have conducted these studies up to date in 8 normal donors and have found this phenomenon to be donor independent. The study of the adhesion molecules and the ECM could provide valuable insight into the mode of action of AHCC in augmenting the immune system, which has been observed in human subjects. AHCC has immunomodulatory effects via T cell activation, which could be useful for further studies in immunosuppression in microgravity and stressed physiological environments. Physical stressors include microgravity, radiation, malnutrition, and microbial contamination and atmospheric pollutants due to recycled air and water [19, 20] . Microgravity is one of the most detrimental stressors for space travelers and aggravates bone structure and composition, immune function, and the psychoneuroendocrine system and induces muscle atrophy. Immune suppression in microgravity has been documented for many years. With human exploration and long-term space travel, the immune system of the astronaut has to be optimally maintained. Individual risks to organs, such as the heart, bone, muscle, and the immune system, occur in microgravity.
Spaceflight causes various changes in the immune system, including decreases in T cell proliferation, cell-mediated activity, natural killer (NK) cell activity, macrophage function, and responses of bone marrow cells to colony stimulating factors and alteration in cytokine production [19, 20] .
However, because of the limited sample number, different mission durations, and different experimental conditions, spaceflight-induced immune changes have not been fully elucidated and ground-based studies have also been required. AHCC (Active Hexose Correlated Compound, Amino Up, Japan) might potentially play a core nutritional metabolic role in regulating physiological stress. Since our lab studies lymphocyte activation in immunosuppressive scenarios such as microgravity, the next step is to expose lymphocytes to modeled microgravity (mmg) using the NASA rotating wall vessel, and unit earth gravity or 1 g, in the presence and absence of the same concentrations of AHCC to evidence if LAT is upregulated in mmg AHCC treated lymphocytes compared to controls grown in mmg alone.
